The effects of moisture on the initial and long-term bonding behaviour of fibre reinforced polymer (FRP) sheets-to-concrete interfaces have been investigated by means of a two-year experimental exposure program. The research is focused on the effects of 1) moisture at the time of FRP installation, in this paper termed "construction moisture", consisting of concrete substratum surface moisture and external air moisture, and 2) moisture, in this paper termed "service moisture", which normally varies throughout the service life of concrete. Concrete beams with FRP bonded to their soffits were prepared. Before bonding, concrete substrates were pre-conditioned with different moisture contents and treated with different primers. The FRP bonded concrete beams were then cured under different humidity conditions, before being subjected to combined wet/dry and thermal cycling regimes to accelerate the exposure effects. Adhesives with different elastic modulus were used to investigate the long-term durability of each adhesive, when subjected to accelerated wet/dry cycling. Pull-off tests and bending tests were conducted at the beginning of the cycling and then again, after 8 months, 14 months and 2 years of exposure so as to evaluate the tensile and shear performance of the FRP-to-concrete interfaces. It was found that the effect of the concrete substrate moisture content on short-term interfacial bond performance could be eliminated if an appropriate primer was used. All FRP-to-concrete bonded joints failed at the interface between the primer and concrete after exposure while those not exposed usually failed within the concrete substrate. After exposure to an environment of accelerated wet/dry cycles, it was also found that the interfacial tensile bond strength degraded asymptotically with the exposure time while the flexural capacity of the FRP sheet bonded plain concrete beams even increased. The mechanism behind the above, which is an apparently contradictory phenomenon, is discussed.
INTRODUCTION
The strengthening of reinforced concrete (RC) structures using externally bonded fiber reinforced polymer (FRP) systems has gained widespread acceptance in recent years. This strengthening technique is particularly attractive for reinforced concrete (RC) structures in marine environments, since FRP composites are non-corrosive. In addition, externally bonded FRP composites can act as a protective layer to internal reinforcement and concrete and prevent such as chloride ion penetration and that of other aggressive agents. However, a significant obstacle to the wider adoption of externally bonded FRP systems in marine RC structures is uncertainty regarding the long-term performance. FRP-strengthened RC structures (e.g. port structures) in marine environments are usually subjected to adverse environmental attacks, such as concentrated concrete surface moisture, external moisture in the air during the bonding of FRP and frequent wet/dry cycles during service life.
While the effect of moisture on the performance of FRP composites is one of the most widely studied durability issues (Bank and Gentry 1995) , there is only limited understanding of the effect of moisture on the long-term durability of FRP-strengthened RC structures.
FRP to concrete bond behaviour has a direct influence on the failure mode of an FRP-strengthened RC structure. This is particularly true for flexurally-and shear-strengthened RC beams (Teng et al. 2002) . In order to establish a safe and economical approach to the durability design of FRP-strengthened RC structures to suit a specific environment, a clearer understanding is necessary, of the durability of the FRP-to-concrete bond itself (including the adhesive) for the specific environment.
Very little research has been conducted to investigate how the presence of moisture influences the initial bond performance of FRP-to-concrete interfaces. Based upon their tests, Myers and Ekenel A variety of exposure schemes have been adopted for investigating the effects of moisture on the long-term bond performance of FRP-to-concrete interfaces, including that of wet/dry (WD) cycling using salt water (Chajes et al. 1995; Toutanji and Gómez 1997; Mukhopadhyaya et al. 1998; Sen et al. 1999; Almusallam 2006) (Sen et al. 1999; Almusallam 2006; Far et al. 2008 ).
Among the above accelerated exposure schemes, the WD cycling scheme has been most frequently used to accelerate the moisture-induced bond degradation of FRP-to-concrete interfaces (Chajes 1995; Sen et al. 1999) . A freeze/thaw (FT) cycle using salt water is another moisture related exposure scheme, has been adopted by some researchers to investigate the effects of simultaneous WD and thermal cycling on the long-term bond performance of FRP-to-concrete interfaces in cold regions (Chajes et al. 1995; Karbhari and Zhao, 1998; Mukhopadhyaya et al. 1998; Green et al. 2000; Grace and Singh 2005; Jia et al. 2005; Almusallam 2006 ). So far little research has been conducted to investigate the synergistic effects of WD and temperature cycles on the bond durability of FRP-to-concrete interfaces in subtropical regions. Such regions are likewise characterized by frequent WD cycling and seasonal temperature change. Hong Kong, Southern China and many other parts of the world are such climatic regions. The study presented in this paper thus focuses on the short and long term bond behaviour of FRP-to-concrete interfaces that are already moist during bond construction (construction moisture), due to such as surface moisture within concrete substrates and external air humidity, and which experience changing external moisture conditions during the service life of the strengthened structure ( service moisture).
The effects of moisture on the short-and long-term behaviour of FRP-strengthened concrete systems have been studied using either a strength-based approach or a fracture mechanics-based approach. In the strength-based approach, bond degradation is evaluated by measuring the interfacial tensile bond strength using pull-off tests (Sen et al. 1999) , the interfacial shear bond strength with torsional tests (Sen et al. 1999) or single lap shear tests (Mukhopadhyaya et al. 1998) , and by tests of the flexural capacity and ductility of FRP bonded plain concrete/RC beams (Chajes et al. 1995; Toutanji and A c c e p t e d M a n u s c r i p t 1997; Leung et al. 2001; Grace and Singh 2005; Almusallam 2006; Far et al. 2008) . The change in long-term bond strength has been reported to vary between a 21% increase and a 40% decrease, when compared to the results for specimens not exposed to moisture. Chajes et al. (1995) and Karbhari and Zhao (1998) also reported that Glass FRP (GFRP) bonded concrete specimens degraded to a greater extent than Carbon FRP (CFRP) based specimens under the influence of moisture although the debonding between the FRP and the concrete substrate and not the fracture of the FRP composite was observed as the dominating failure mechanism. In the tests of Toutanji and Gómez (1997) , Sen et al. (1999) and Far et al. (2008) , the FRP bonded concrete systems were found to deteriorate to different degrees under the influence of moisture, when different epoxy adhesives were used, but no discussion were given on the corresponding mechanisms. It should be noted that the above-mentioned strength deterioration may reflect the effects of many factors and not only the characteristics of the bond itself, such as: 1) the effect of the dimensions of FRP bonded concrete joints/RC beams used in the tests and 2) the stiffness of the FRP reinforcement and the steel reinforcement ratio. As a result, most of these test results cannot be generalized and cannot therefore serve as the basis for the development of a reliable approach to practical durability design.
In the fracture mechanics-based approach, bond degradation is usually evaluated in terms of the interfacial fracture toughness through double cantilever beam tests (Davalos, 2005) , peeling tests (Au and Büyüköztürk 2006; Ouyang 2007) or shear bond tests (Ouyang 2007) . Compared to bond strength, the interfacial fracture toughness appears to be a better indicator of the extent of bond degradation, because it excludes the effects of material stiffness and member dimensions. A drawback of this approach, however, is the difficulty in directly implementing interfacial fracture toughness into practical structural durability designs, as this value is usually derived using the linear fracture mechanics discipline.
The literature review presented above reveals that current understanding of the short-and long-term durability of FRP-to-concrete bondline under moisture is still limited. In particular, there is very little long-term exposure data on the fundamental mechanical properties of FRP-to-concrete bonded interfaces as affected by local climatic conditions. In the study presented in this paper, a two-year experimental investigation was conducted to examine the effects of moisture on the short-and long-term tensile and shear bond performance of FRP-to-concrete interfaces, these two properties being the two most fundamental to the design and monitoring of bond performance in engineering practice. In the test programme, coupled thermal and moisture action was applied to accelerate the Journal of Composites for Construction. Submitted November 16, 2009; accepted May 7, 2010; posted ahead of print May 12, 2010 . doi:10.1061 /(ASCE)CC.1943 A c c e p t e d M a n u s c r i p t
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6 moisture exposure but no freeze and thaw cycles were taken into account. The objectives were to achieve a good understanding of the mechanisms of the bond degradation of FRP-to-concrete interfaces subjected to both short-and long-term moisture conditions and to also provide a solid benchmark database for further development of appropriate practical durability design models for bonds subjected to moist conditions in service.
EXPERIMENTAL PROGRAM

Test specimens
Two types of test, bending tests ( Fig.1 ) and pull-off bond tests (Fig.2) were conducted to evaluate the shear and tensile bond performance of FRP-to-concrete interfaces. In total, 56 specimens were tested. Of these specimens, 48 plain concrete beams, strengthened with soffit FRP sheets were prepared for the bending tests. 16 different combinations of moisture content, primer, adhesive, curing air humidity and exposure duration were examined. Each of these 16 specimens was triplicated. 8 further specimens were prepared for tensile pull-off bond tests. Four tensile pull-off bond tests were carried out for each beam to obtain the average tensile bond strength (see Fig.2 ). All concrete had a water-cement ratio (W/C) of 0.5, and a fine-to-coarse aggregate ratio of 0.49. After placing, the concrete was cured for one month and reached a compressive strength of 33.7 MPa at the time of testing. The specimens were divided into two series: Group A and Group B as summarized in Table 1 . Group A specimens were tested for short term moisture effects on bond performance, and Group B specimens were tested for long-term moisture effects. The test variables included pre-conditioned concrete substrate moisture content (dry and wet) at the time of FRP bonding, relative air humidity (R.H) (40% and 90%) during the FRP composite curing, adhesive primer type (normal and hydrophilic), bonding adhesive type (normal and ductile), and exposure duration (not exposed, 8 months, 14 months and 2 years).
Materials and Installation Process
Unlike the dry carbon fibre sheet, popularly adopted in a wet lay-up system, a new type of carbon FRP sheet, the carbon strand sheet (CSS) (see Fig.3 ), was used in the tests. The CSS is formed from 1.0~2.0 mm diameter circular FRP micro-bars, formed by pultrusion in which continuous carbon fibre strands are impregnated with an epoxy resin. The micro-bars are then properly spaced and aligned into sheet form, using transverse threads for convenient handling and deployment. The (Dai et al. 2009 ). The main reason is that the use of FRP micro-bars produces a larger FRP adhesive bond area and a larger effective bond length. These features enable a more efficient bond force transfer (Dai et al 2009) . Table 2 presents the mechanical properties of the CSS. Figure 4 is a schematic of the cross sections of the bond between FRP and concrete, for dry carbon fiber sheets and CSS, respectively. It is noted that the bonding processes for the two types of sheet materials are approximately the same. A layer of primer is placed next to the concrete substrate. The difference between the two systems lies only in the FRP matrix. In the wet lay-up system, epoxy tends to be used as the saturation resin and at the same time serves as bonding adhesive, while in the CSS system the stickier epoxy putty is used. The latter enables easier stabilization of the concrete surface. Epoxy putty has a further function in the wet lay-up system, in that it can be applied to smooth any unevenness in the concrete substrate surface. However, such a process is not necessary in the CSS system, since its own matrix is also the epoxy putty. It is considered that the test results on the durability of interface bond, based upon the CSS system, should also be relevant to the wet lay-up system, since the interfacial debonding, which occurs within a thin concrete layer beneath the primer, rather than within the FRP composite itself, is a dominating mechanism for both CSS and wet lay-up systems (Dai et al. 2009 ). Based on the above discussion, below, FRP formed through the CSS system is referred to as an "FRP composite"; the interface between the epoxy putty-stabilized CSS and concrete substrate is known as an "FRP-to-concrete interface"; concrete beams strengthened with a CSS system are termed "FRP bonded concrete beams"
Before being bonded with FRP composites, the concrete substrate surfaces were pre-conditioned, each with a different moisture content to simulate the different possible construction conditions encountered in a moist environment. Two extreme cases were studied. One case involved a dry concrete surface with an average surface moisture content of just below 4.2%. The other had a wet concrete surface, prepared by immersing the specimens into sea water for three days. The surface water was removed, immediately before FRP composite bonding, by lightly brushing the concrete A c c e p t e d M a n u s c r i p t
N o t C o p y e d i t e d
8 surface using a cotton cloth. In these circumstances the measured average concrete surface moisture content was about 9.0%. Two different types of primer: a conventional type, FP-NS, and a hydrophobic type, FP-WE7, were used for the dry and wet substrate, respectively. The primer FP-WE7 was invented by Saito in 1996 and consists of a liquid epoxy resin, a hydrophobic polyamine compound, a thixotropic agent and a silane coupling agent. Tensile pull-off tests verified the effectiveness of such a primer to achieve a good bond with the wet concrete substrate (Saito 1996) . However the influence of this type of primer on the short-and long-term shear bond force transfer between FRP and concrete in moist environments is not yet understood.
A soft bonding adhesive can improve short-term shear bond force transfer between FRP and concrete (Dai et al. 2005) . To see whether the soft bonding adhesive can better cope with temperature induced stresses and moisture conditions at FRP-to-concrete interfaces, two types of adhesives (FE-Z and CN-100) with different elastic moduli were used (see Fig.5 ). FE-Z is a popularly used type of epoxy putty with linear elastic properties. It has an elastic modulus of 2.41 GPa. CN-100 is a non-linear type of epoxy with an elastic modulus of 0.39 GPa. It should be noted that the epoxy CN-100 was used only as a bonding adhesive with a thickness of 0.5 mm between the primer and the FRP while the FRP matrix remained as the epoxy putty FE-Z so as not to alter the FRP composite mechanical properties thus enabling focus on the FRP-to-concrete interfaces.
Moisture condition during the curing of bonded FRP composites
Two sets of curing conditions were adopted after the FRP composites had been bonded onto the concrete surfaces. One comprised ambient laboratory conditions, with an average temperature of 10°C and air relative humidity (R.H) of 48%. The other consisted of well-controlled chamber conditions with a constant temperature of 10°C and an R.H. of 90%. The curing period was two weeks in both cases.
Exposure scheme
As references, tensile pull-off and bending tests were conducted after curing on Series A specimens and some Series B specimens to evaluate the effects of moisture on the short-term bond performance of FRP-to-concrete interfaces and to obtain the initial bond performance before exposure to accelerated weathering regimes. The remaining Series B specimens were placed in an exposure pool and subjected to accelerated wet/dry cycling for 8 months, 14 months, and 2 years. Each wet/dry A c c e p t e d M a n u s c r i p t
cycle consisted of a 4-day immersion in 60°C sea water and a 3-day exposure to dry air exposure in a
laboratory. An electric fan was used to dry the specimens more efficiently. The higher temperature (60°C) adopted was expected to accelerate the diffusion of moisture into the concrete. In the meantime, the purpose of combining thermal and moisture cycling was to achieve closer simulation of real exposure conditions, where changes of temperature and humidity are usually coupled.
Investigation by Microscope of FRP-to-concrete interfaces
Observations by microscope were conducted to see if the exposure had induced any physical damage to the FRP-to-concrete interfaces. Part of the section shown in Fig.4 was cut from an FRP bonded concrete beam, and its surface then carefully polished using several sheets of abrasive paper with a gradually increasing fineness. Such work had to be carefully conducted to avoid introducing additional damage to the FRP-to-concrete interface.
RESULTS AND DISCUSSION
Tensile pull-off tests on beams not exposed and beams exposed
Tensile pull-off tests are popularly used for evaluating the adhesion of a coating to a rigid substrate, such as metal, concrete or wood. Such tests are frequently used to evaluate in-situ bond quality. The pull-off bond strength is also an important bond performance parameter for FRP-to-concrete interfaces. Fig.6 shows the tensile pull-off bond strength of FRP-to-concrete interfaces which have undergone different periods of exposure. Two series of specimens were tested. One series had dry concrete substrates treated with a normal primer FP-NS (see Series B-1-× in Table 1 ). The other had wet concrete substrates treated with a hydrophobic primer FP-WE7 (see Series B-6-× in Table 1 ). It was clearly seen that, before exposure, both series exhibited similar interfacial tensile bond strength in spite of each having different initial moisture content. This indicates the effectiveness of hydrophobic primer for wet concrete substrates. Hence a reasonable conclusion is that the initial moisture content of a concrete substrate may not be a critical issue, providing an appropriate primer material is applied. Usually, the suitability of a primer for use with a wet substrate depends largely on its water absorption properties. If the primer is hydrophilic, the primer will absorb water before the concrete has been sufficiently cured, leading to the loss of strength and stiffness as well as bond strength between the primer and the concrete substrates. A hydrophobic primer, therefore, is A c c e p t e d M a n u s c r i p t
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10 necessary in cases where the concrete substrate moisture content is of concern. However, the use of the hydrophobic primer FP-WE7 was not able to prevent the interfacial tensile bond strength loss after a period of wet/dry cycling. There was a clear and rapid decrease in the tensile bond strength of FRP-to-concrete interfaces after 8 months of exposure, regardless of the type of primer used and the moisture content in the concrete substrates (see Fig.6 ). However, further exposure of up to two years, did not lead to greater reductions in the interfacial tensile bond strength. Figure 7 illustrates the planes of failure of FRP-to-concrete interfaces, as viewed from the FRP side, after the pull-off tests. A significant change in the bond failure mode was observed after accelerated wet/dry cycling. This corresponded with the tensile bond strength loss. Before exposure, failure was observed in the concrete substrate with slight differences in the failure modes caused by different moisture conditions (see the left two photographs in Fig.7 ). After exposure, however, failure was observed mainly at the primer-to-concrete interface. Au and Büyüköztürk (2006) and Silva and Biscasia (2008) reported similar bond failure modes. Ouyang and Wan (2006) and Au and Büyüköztürk (2006) assumed that the moisture concentration in the concrete substrate next to the primer layer was a major causal factor in the deterioration of the interfacial bond. Thus the moisture content in that part of the concrete substrates correlates with Mode I and/or Mode II interfacial fracture toughness. However, the interfacial bond strength loss may not directly correlate with the moisture content of the concrete substrate. During the wet and dry exposure regime, moisture would have penetrated and diffused into the polymeric components, leading to their plasticization, loss of stiffness and strength. However, the moisture content, in the concrete substrate, during wet and dry exposure is reversible while the degradation of the bondline is irreversible.
Observations by microscope
Bi-material adhesion involves many mechanisms such as adsorption, mechanical interlocking, diffusion, and electrostatic mechanisms (Ouyang 2007). To date, the issue of how moisture absorption or wet/dry cycling influences each single mechanism remains unclear. But it can be concluded that the primer-to-concrete interface is the weakest link, after wet/dry cycling, based on failure modes shown in Fig.7 . In order to fully observe what has occurred, observations by microscope were made of FRP-to-concrete interfaces after exposure but before the tensile pull-off tests took place. Figs. 8.a and 8.b present the typical bondlines observed before and after exposure.
From the figures, it is reasonable to extrapolate that the decrease in tensile pull-off bond strength was 1943-5614.0000142 A c c e p t e d M a n u s c r i p t
caused by the formation of such as interfacial micro-cracks. The material incompatibility between the primer and the concrete substrate under wet/dry cycling is likely to be a major factor leading to such cracks. The incompatibility was mainly due to a sudden change of mechanical and thermal properties and diffusivity of the two materials at the bonded interface. The issue of how to minimize the materials incompatibility, by optimizing the bonding materials, seems to be the key to solving the bond durability problem. In addition, solutions are needed to capture such micro-level damage before it culminates in more serious damage and severe failure. Such a solution could then be correlated with macro mechanical bond behaviour.
Effects of moisture at the time of FRP installation (construction moisture) on the short-term shear bond performance of FRP-to-concrete interfaces
Bending tests were conducted on 21 FRP bonded pre-conditioned concrete beams (Group A in Table   1 ) to evaluate the effects of construction moisture (concrete surface moisture and air humidity for curing FRP composite) and the primer and adhesive on the short-term shear bond performance of FRP-to-concrete interfaces. All beams failed due to debonding between the FRP composite and the concrete substrate. Two debonding failure modes were observed. One consisted of intermediate crack-induced debonding (IC debonding) (see Fig.9 .a). The other consisted of critical diagonal crack-induced debonding (CDC debonding) (see Fig.9 .b). The failure modes of all beams are summarized in Table 1 . In general, CDC debonding occurred at higher load levels than IC debonding.
Three types of interfacial failure have been identified as shown in Table 1 , if the concrete substrate was dry and a normal primer was applied, failure mode "A" was observed, regardless of the curing air humidity (Series B-1-and B-5-in Table 1 ). However, if a hydropholic primer was used on a dry concrete substrate, in addition to failure mode "A"(see Specimen B-2-1 in Table 1 ), failure mode C was observed in Specimens B-2-2 and B-2-3 even though the bond between primer and adhesive is usually believed to be stronger than that between primer and concrete substrate. This phenomenon can be interpreted by suggesting that a hydrophobic primer achieves a better bond performance with concrete substrates, thus making the adhesive-to-primer interface appear to be a relatively weak link. Compared with the specimens in the 1943-5614.0000142 A c c e p t e d M a n u s c r i p t
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12 B-1 series, for which the normal primer was used, Specimens B-2-2 and B-2-3 in fact exhibited no decrease in their flexural capacity in spite of the debonding failure at the adhesive to primer interface.
The beam B-2-1, on which the hydrophobic primer was used but on which the primer-to-adhesive interface failure did not occur, exhibited an even higher flexural capacity, hence implying that the hydrophobic primer was appropriate for both dry and wet concrete substrates.
However, and in contrast, when the concrete substrates were wet failure mode "B" was observed overwhemlingly, regardless of the type of primer used (see Sereis B-3-, B-4-and B-6-in Table   1 ). A possible reason for such a failure is that the penetration of both types of primer into wet concrete substrates was, in fact, superficial. The hydrophobic primer proved to have good compatibility with a wet concrete substrate since, as mentioned earlier, the hydrophobic polyamine compound in the primer serves as a curing agent or hardener for the liquid epoxy resin and the hydrophobic nature of this curing agent renders the primer hydrophobic and prevents the primer coated on the wet concrete surface from absorbing water. When the coated primer absorbs water, the properties of the primer film deteriorate after curing, preventing sufficient adhesion of the FRP sheets attached thereon (Saito 1996) . However, the hydrophobicity of the primer could enhance the surface to surface contact without enhancing the diffusion of the primer into and the interlocking with the nearly saturated substrate. As discussed in the next section, enhanced surface contact could avoid a loss of short-term, rather than long-term, interfacial shear bond strength between FRP composites and wet concrete substrates. When the concrete substrates were wet, failure at the primer-to-adhesive interface was also observed in Series B-7-, for which a soft bonding adhesive and a hydrophobic primer were used. However, neither did this failure mode lead to a decrease in the flexural capacity of FRP bonded concrete beams (Table 1) .
Figures 11.a to 11.e present the effects of concrete surface moisture and air moisture at the time of Fig.11 .c). The hydrophobic primer, FP-WE7, performed well regardless of whether the concrete substrate was dry or wet (see Series B-2-× and B-6-× in Fig.11.d) .
Once a primer has been appropriately selected, the most significant factor influencing the shear bond strength of the FRP-to-concrete interfaces seems to be the elastic modulus of the bonding adhesives.
Two specimens in Series B-7-× (see Fig.11 .e), in which the adhesive CN-100 with a low elastic modulus was used, achieved a flexural capacity about 45% greater than that of specimens for which a normal adhesive had been used (Series B-4-× and B-7-× in Fig.11 .e) even though the initial concrete substrate was wet. However, it was also found that one Series B-7-× specimen failed due to debonding at the primer-to-adhesive interface, prior to failure in the concrete substrate. Such a failure mode was never observed in the tensile pull-off tests. Therefore, the multilayer structure of the FRP-to-concrete interface induces different failure paths for the cases of tension and shear, particularly when different types of concrete substrate, primer and bonding adhesive are used. A combination of tensile pull-off tests and shear bond tests is deemed necessary, therefore, for an overall evaluation of the bond performance of FRP-to-concrete interfaces.
Effects of moisture during service life (wet/dry cycles) on the long-term shear bond performance of FRP-to-concrete interfaces.
Figure 12 presents the bending load versus mid-span deflection curves of all those FRP bonded concrete beams that experienced different periods of wet/dry cycling. Only one test in each series is illustrated in Fig.12 , as each set of three beams with identical testing parameters all exhibited similar levels of flexural performance, as indicated in Table 1 . The ascending linear sections of all the curves were not influenced by wet/dry cycling. This is reasonable because the strength and stiffness of the concrete itself is hardly influenced by a regime of wet/dry cycling. Following the cracking of concrete, however, the load-deflection curves reflect directly the shear bond performance of the FRP-to-concrete interfaces.
It is shown for three test series, B-1-×, B-6-× and B-7-×, after exposure, the bending load vs. than those of the reference beams not exposed to weathering. As observed in the tensile pull-off tests, all the exposed FRP bonded concrete beams failed by debonding at the primer-to-concrete interface (see Figs 13 .a to 13.c). After the bending tests, it was found that almost no concrete was attached to the peeled off FRP. However, an important difference was noted between the tensile pull-off test and bending test results. There was no decrease in the flexural capacity of the FRP bonded concrete beams after the long-term accelerated wet/dry cycling, but there was a decrease in pull-off strength.
Two mechanisms are considered responsible for the difference. One is that the formation of micro interfacial cracks, leads to the decrease of the interfacial pull-off bond strength causing a degradation of interfacial shear bond stiffness. Another is degradation of the shear stiffness of the bonding adhesives observed as a result of the wet/dry cycling. Although these two are symptoms of interfacial deterioration and reduced the pull off strength, the existence of both, could lead to an increase in the effective bond length of FRP-to-concrete interfaces and consequently improved the global shear force transfer capacity along the bond interfaces (Dai et al. 2002) .
Obviously, the time and exposure-dependent performance of the resins used is the key factor influencing the long-term bond performance of FRP-to-concrete interfaces. Far et al. (2007) chose three different types of adhesives in their exposure tests of CFRP-strengthened reinforced concrete (RC) elements in salt and moisture conditions. They did not observe any decrease in the strength of CFRP-strengthened RC elements although they found a decrease in the tensile strength of the adhesives with exposure duration. They also concluded that those adhesives possessing inferior mechanical properties achieved higher failure loads for the CFRP-strengthened RC elements since viscous adhesives with enough strength can more effectively distribute concentrated interfacial stresses as they can deform under higher loads.
When the low elastic modulus adhesive CN-100 was used, the flexural capacity of the not exposed FRP bonded concrete beams was about 27 kN, a value much higher than that of the not exposed beams in the B-1-× series, in which the normal adhesive FE-Z had been used. Nevertheless, after wet/dry cycling the flexural capacity decreased monotonically with increase of exposure duration (see Fig.12 .c). Therefore, if the initial shear bond stiffness had been low, further decrease in its value, A c c e p t e d M a n u s c r i p t
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15 beyond a certain threshold, may eventually cause overall degradation of structural performance, affecting both pull off strength and bending capacity.
Of course, the glass transition temperature, T g , of the adhesive should be borne in mind when interpreting the degradation of an adhesive bondline after an accelerated exposure test in which a high exposure temperature is deployed. The conventional adhesive FE-Z (after hardening) used in this study possessed a glass transition point T g of more than 60°C according to the manufacturer's data. The epoxy resin CN-100 was a new type of adhesive and had a lower elastic modulus but much higher ductility compared to FE-Z as reported previously. The T g of CN-100 was not available in the manufacturer's data but is believed to be lower than that of FE-Z because a lower elastic modulus usually corresponds to a lower T g . Under the current accelerated exposure scheme, an exposure test temperature that approached or was even higher than the T g of the adhesives concerned was used to speed up the deterioration. The cross-linking reactions of resins might have restarted during the exposure test and led to a modified structure for the adhesive. As a result, the mechanical properties of the adhesives might have degraded at a much faster rate, which may be significantly different from that which would occur in a field exposure situation. The accelerated exposure test can help to understand how the FRP-to-concrete interface behaves, once deterioration of the adhesive bondline has occurred under a combined thermal and wet/dry cyclic exposure. The issue, however, of how to correlate the degradation of FRP-to-concrete interfaces under an accelerated exposure scheme, involving elevated temperatures, with the degradation which actually occurs in local climate conditions needs further study. Figure. 14 summarizes the change in flexural capacity and specimen ultimate deformation with exposure time for the three test series (B-1-×, B-6-× and B-7-×), described above. The figure shows clearly how overall flexural performance of the FRP bonded plain concrete beams is influenced by the wet/dry cycling, Clearly, two significant and different tendencies can be found when hard and soft adhesives are used. In Series B-1-× and B-6-×, respectively, both the strength and ductility of the FRP bonded plain concrete beams showed first an increasing and then a decreasing tendency. In the test series B-7-×, however, flexural capacity exhibited a consistent decreasing tendency under the exposure cycles, while ductility showed no significant change. It seems obvious that wet/dry cycling significantly influences the shear bond properties of FRP-to-concrete interfaces and results in changes of overall stiffness, strength and ductility of FRP bonded concrete beams. The test program, described above, has provided essential data on the long-term bond performance of FRP-to-concrete interfaces under combined thermal and wet/dry cyclic regime and enables further understanding of the degradation mechanisms. To explain and quantify the complex changes discussed above, however, the development of a generic exposure related interfacial bond-slip model is required for predicting the bond durability of FRP-strengthened RC concrete members with the assistance of finite element modeling. Such work is already the subject of an ongoing research project led by the first author and will be reported in the near future.
CONCLUSIONS
Based upon a two-year exposure program, in which the effects of the presence of moisture both during service life and at the time of FRP installation on the short-and long-term bond performance of FRP -to-concrete interfaces were studied, the following conclusions can be drawn :
(1) Different air curing RH values up to 90% had a marginal effect only on the bond performance of FRP-to-concrete interfaces.
(2) Surface moisture at concrete substrates during the installation of FRP composites adversely influenced the bond performance of FRP-to-concrete interfaces. However, these adverse effects could be eliminated if a hydrophobic type of primer was used.
(3) After exposure to accelerated wet/dry cycling the bond failure of FRP-to-concrete interfaces always occurred at the primer-to-concrete interface and not within the concrete substrate. In contrast the specimens not exposed to wet/dry cycling bond failure always occurred in a very thin mortar layer of the concrete substrate regardless of the type of primer used, as long as the substrate was wet.
(4) Observations by microscope indicated that wet/dry cycling led to the formation of micro-cracks at the primer-to-concrete interface. As a result, the interfacial tensile strength degraded significantly but seemed to approach to a stable value, asymptotically, during exposure. 
